Abstract The use of pyridinium ionic liquids as solvent and catalytic systems based on yttrium salts dissolved in pyridinium ionic liquids for the synthetically important Diels-Alder reaction between cyclopentadiene and ethylvinyl ketone was studied. Both chloride and triflate were active catalysts in cycloaddition, strongly improving the reaction rate and stereoselectivity. The catalytic system-1 mol% YCl 3 /[C 4 -3-C 1 py][OTf] (N-butyl-3-methylpyridinium trifluoromethanesulfonate) proved to be stable under recycling conditions.
Introduction
Ionic liquids seem to be promising reaction media for organic reactions [1, 2] , because of their unique properties desirable for ideal solvents, such as low volatility, nonflamability, good thermal stability and recyclability [3] .
The first pyridinium ionic liquids used as solvents in DielsAlder reaction were 1-ethylpyridinium tetrafluoroborate and 1-ethylpyridinium trifloroacetate, investigated in the cycloadditions of isoprene with dienophiles: acrylonitrile, acrylic acid and methacrylic acid [4] . The ionic liquid 1-ethylpyridinium trifloroacetate was found to be an excellent reaction solvent enhancing both, selectivity and reaction rate. N-hexylpyridinium bis(trifluoromethylsulfonyl)imide, had been tested before as a reaction medium in the intermolecular Diels-Alder reaction [5] .
Moreover Diels-Alder reactions in the catalytic systems based on 1, 5, 10 and 20 mol% of Er(OTf) 3 immobilized in 1-methylpyridinium trifluoromethanesulfonate were studied [6] . The addition of a catalyst enhanced significantly the reaction rates of the cycloadditions of cyclopentadiene and two dienophiles: acrolein and ethyl acrylate.
Catalytic systems based on metal triflates or chlorides and N-hexylpyridinium bistriflimide were found to be active in Diels-Alder reaction. They were suitable to obtain 2-ethoxycarbonyl-5-norbornene, 2,3-bis(methoxycarbonyl)-5-norbornene and 2-etanoyl-5-norbornene [7] . Catalytic system Mg(OTf) 2 and N-hexylpyridinium bistriflimide was found to be stable under recycling conditions in synthesis of 2,3-bis(methoxycarbonyl)-5-norbornene [8] .
Encouraged by these promising results we used new catalytic systems, based on pyridinium ionic liquids and yttrium salts-Y(OTf) 3 and YCl 3 . Generally trifluoromethanesulfonates (triflates) are well known for catalytic activity in many organic reactions [9] also in Diels-Alder reaction. After their discovery, the first ones such as yttrium, scandium and ytterbium triflates were used by Kobayashi in cycloaddition of isoprene and various dienophiles [10] . After that application, many triflates, such as cerium, bismuth, indium, lanthanium, erbium were used in cycloaddition [11] [12] [13] [14] [15] [16] Dicyclopentadiene of 95% purity was bought at Fluka. Ethyl-vinyl ketone C95%, anhydrous yttrium chloride (99.99%) and yttrium trifluoromethanesulfonate (99.99%) was purchased from Aldrich.
Procedure for Diels-Alder Reaction
The reactions were carried out in 4 mL vials. A mixture of a given ionic liquid 0.25 mL, ethyl-vinyl ketone (1 mmol), cyclohexanone (20 lL) as an internal chromatographic standard and freshly cracked cold cyclopentadiene (1.5 mmol) was added. Freshly cracked cold cyclopentadiene (1.5 mmol) was added to the mixture of a given ionic liquid (0.25 mL), ethyl-vinyl ketone (1 mmol), cyclohexanone (20 lL) used as an internal chromatographic standard. The reaction was conducted at 25°C. The progress of the reaction was monitored by GC analysis over the time needed to obtain quantitative yield. As a result a mixture of endo and exo isomers: 2-propanoyl-5-norbornene was obtained. The yield of products and endo:exo ratios were calculated on the basis of GC analysis.
If the reaction was to be performed in the presence of a catalyst (Y(OTf) 3 or YCl 3 ) the required portion of the catalyst was weighted first (0.01 mmol) and dissolved in the ionic liquid.
Analysis
The GC analysis was carried out using a Carlo Erba GC 8000 TOP apparatus equipped with a FID detector, RXI Ò -17 column: 30 m long with diameter of 0.53 mm and 1.5 lm film layer column (Restek). The column temperature was programmed as follows: at the moment of injection the temperature was increased at the rate 10°C/min, it was kept constant at 120°C for 2 min, then it was increased at the rate 20°C/min and was kept constant at 240°C for 20 min, and finally it was decreased to 80°C. The detector temperature was 260°C. The quantitative analysis was performed according to the internal standard method.
Method for Calculating Reaction Rate Constant
The method of calculating reaction rate constant was shown by the example of Diels-Alder reaction between cyclopentadiene and ethyl-vinyl ketone carried out in ionic liquid ([C 4 py][NTf 2 ]). Studied cycloadditions are secondorder reactions, first order with respect to each reactant. In terms of the variable x representing the decrease in concentration of a reactant in a given time reaction rate is given by: Calculated reaction rate constants in cycloadditions carried out in all pyridinium ionic liquids and correlation coefficients were show in Table 1 .
Results and Discussion
Diels-Alder reaction between cyclopentadiene and ethylvinyl ketone was investigated in ionic liquids as reaction media at 25°C. Calculated reaction rate constants based on the method described in sect. 2.4 were presented in Table 1 . Ketones are generally the most active dienophiles in Diels-Alder cycloaddition owing the positive effect that the carbonyl group has on the reaction by lowering the energy of LUMO orbital of ketone. Reaction rate constants are much higher in the cycloadditions of ketones with cyclopentadiene than in reactions of other dienophiles. For 4 ] anion. Also the reaction rate constant increased with the complexity of the anion, probably due to higher negative charge delocalization around the anion, which weakens the cation-anion interactions within ionic liquid. In this way the cation might be more involved into promoting cycloaddition. Moreover less polar, according to empirical polarity scale-E T parameter value pyridinium ionic liquids were accelerating the Diels-Alder reaction much more. However [C 4 -3-C 1 py][FAP] was found to be an exception. Stereoselectivity was found to be independent on the type of ionic liquid. The endo:exo ratios were comparable in all used reaction media.
After 5 min in a catalytic system made of 1 mol% of Y(OTf) 3 (Fig. 2a) . In the catalytic system based on yttrium triflate and [C 6 py][NTf 2 ]-ionic liquid, showing the highest dynamic viscosity, lowest density and surface tension, the ethylvinyl ketone conversion was slower. As long as 30 min was necessary to obtain 96% of ethyl-vinyl ketone conversion. However, it was observed that dienophile's conversion was higher in N-butylpyridinium than in N-butyl-3-methylpyridinium bis(trifluoromethylsulfonyl)imides. This result means that the methyl substituent in pyridinium ring causes a decrease in the rate of cycloaddition.
In the group of N-butyl-3-methylpyridinium ionic liquids, the type of anion influenced the reaction rate. The fastest cycloaddition was observed in the ionic liquid with the highest anion's complexity which is [C 4 -3-C 1 py][NTf 2 ] (Fig. 2b) . Moreover, this ionic liquid has the lowest dynamic viscosity, surface tension and surface excess entropy from among all ionic liquids with the same cation, which can explain the observed increase in the reaction rate. Stereoselectivity in the catalytic systems with Y(OTf) 3 (Fig. 4) .
In the catalytic systems-1 mol% YCl 3 /ionic liquid the reaction ran faster in the group of ionic liquids with N-butyl-3-methylpyridinium cation (Fig. 3b) . The most active was the system containing the ionic liquid with bis(trifluoromethylsulfonyl)imide (NTf 2 ) anion. After 5 min the conversion of ethyl-vinyl ketone was 95%. Very fast was also the reaction carried in 1 mol% YCl 3 /[C 4 -3-C 1 py] [OTf] . To obtain 92% of dienophile's conversion 20 min was required. The same time was necessary to achieve 90% of ethyl-vinyl ketone conversion in [C 6 py][NTf 2 ]. In the group of N-alkylpyridinium bis(trifluoromethylsulfonyl) imides the cycloaddition ran faster in ionic liquids that had longer alkyl chain in pyridinium cation (Fig. 3a) . So YCl 3 as a catalyst was more active in ionic liquids with higher dynamic viscosity and lower density and surface tension, which is completely the opposite to the observation made for the catalytic systems based on Y(OTf) 3 and N-alkylpyridinium bis(trifluoromethylsulfonyl)imides. The most stereoselective was the system YCl 3 /[C 4 -3- (Fig. 4) . The stereoselectivity was found to decrease in the systems taking into account ionic liquids' anion in the order [
Although in Diels-Alder reaction between ethyl-vinyl ketone and cyclopentadiene the most active were the catalytic systems based on yttrium(III) trifluoromethanesulfonate, in recycling studies the systems based on chlorides were more suitable. Y(OTf) 3 was too active in accelerating oligomerization of cyclopentadiene which was competitive to the reaction leading to 2-propanoyl-5-norbornene. High activity of Y(OTf) 3 was described before [7, 18] . Moreover yttrium(III) chloride as a catalyst was more stereoselective in the studied cycloaddition. For recycling studies, two catalytic systems were chosen consisting of 0.02 mmol of . The substrates were as follows: 2 mmol of ethylvinyl ketone and 3 mmol of cyclopentadiene, so the catalyst content was 1 mol% relative to that of dienophile, like in the reactions studied previously. Recycling was made by distillation of the product and unconverted substrates after the reaction under reduced pressure. There was no threat that the ionic liquids might decompose at high temperature, because (Fig. 5) . However it became subsequently less active in further cycloaddition. In the 6th cycle the yield of the product after 5 min was only 61%. After each cycle a decrease in stereoselectivity was observed. At first the endo:exo ratio of isomers was 12.4 and in the 7th cycle it decreased to 6.5. Moreover, the catalytic system was becoming darker after each cycle because of the polymers formed in a reaction competitive to that of Diels-Alder. Even extraction with n-hexane of the system after the 6th run did not improve the catalytic activity of the examined system.
More stable in the recycling condition was the second studied catalytic system (Fig. 6) . It was observed that in 1 mol% YCl 3 /[C 4 -3-C 1 py][OTf], the yield was higher than 93% after eight cycles. Moreover, stereoselectivity remained high for a long time, it decreased from 12.4 in the 1st run to 11.4 in the 9th, which was twice as high as the value obtained in this particular ionic liquid without a catalyst. Long lasting catalytic activity of 1 mol% YCl 3 /[C 4 -3-C 1 py][OTf] in recycling conditions proved its stability.
Conclusions
Catalytic systems based on yttrium salts and pyridinium ionic liquids were found to be active in obtaining 2-propanoyl-5-norbornene. However yttrium trifluoromethanesulfonate was accelerating the undesirable reaction as well, so yttrium chloride as catalyst is more recommended. More stable in recycling conditions was the catalytic system YCl 3 / [C 4 -3-C 1 py][OTf]. It maintained high activity in DielsAlder reaction in nine subsequent cycles. Because of the possibility of working in the ambient reaction condition, easy product's separation, high activity, meant as high conversion of substrate and high stereoselectivity, the mentioned catalytic system was found very useful in synthesis of norbornene derivatives. 
